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// CONTROLLING A CURRENT SUPPLIED TO THE AT LEAST ONE LIGHT
SOURCE BASED AT LEAST ON A CALIBRATION TARGET VALUE TO
CAUSE THE AT LEAST ONE LIGHT SOURCE TO EMIT LIGHT 702
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CALIBRATION DETECTING, VIA THE LIGHT SENSOR, AN INTENSITY OF THE LIGHT
PHASE AT EMITTED FROM THE AT LEAST ONE LIGHT SOURCE THAT IS INTERNALLY
ILLUM REFLECTED WITHIN THE DISPLAY DEVICE 704
MODULE

DETERMINING A CALIBRATION FACTOR FOR THE SELF-CALIBRATING
ILLUMINATION MODULE BASED AT LEAST ON A COMPARISON BETWEEN
THE CALIBRATION TARGET VALUE AND THE DETECTED INTENSITY OF

\ THE LIGHT EMITTED FROM THE AT LEAST ONE LIGHT SOURCE 706

.. E————————————————
/
/| RECEIVING A VIDEO SIGNAL AND A GLOBAL DIMMING CONTROL VALUE
708

- v _

GENERATING A DRIVER CONTROL SIGNAL FOR A DISPLAY PANEL OF
THE DISPLAY DEVICE 710

RUNTIME AT

TIMING —
CONTROLLER GENERATING A DIMMING TARGET VALUE FOR EACH OF A PLURALITY OF

SELF-CALIBRATING ILLUMINATION MODULES OF THE BACKLIGHT PANEL
712

SENDING THE RESPECTIVE DIMMING TARGET VALUES TO THE
| PLURALITY OF SELF-CALIBRATING ILLUMINATION MODULES 714

/ RECEIVING, VIA A SYSTEM BUS OF A DISPLAY DEVICE, A DIMMING
TARGET VALUE FOR AT LEAST ONE LIGHT SOURCE OF THE

ILLUMINATION MODULE 716
RUNTIME AT
ILLUM
MODULE _ DETERMINING A MODULE DIMMING FACTOR BASED AT LEAST ON THE

RECEIVED DIMMING TARGET VALUE 718

CONTROLLING A CURRENT SUPPLIED TO THE AT LEAST ONE LIGHT
SOURCE BASED AT LEAST ON THE CALIBRATION FACTOR AND THE

\ MODULE DIMMING FACTOR 720
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SELF-CALIBRATING ILLUMINATION
MODULES FOR DISPLAY BACKLIGHT

BACKGROUND

Multi-segment dimming backlight panel technology for
liquid crystal displays (LCD) provides enhanced color and
light contrast in the video content being played. The
enhanced contrast in color and light intensity provides a
better view experience ol high dynamic range (HDR) con-
tent. By using multi-segment dimming backlight panels,
sections of the display showing a sunny sky may be visually
contrasted with sections of the display showing a shaded
portion of the ground.

SUMMARY

A display device 1s provided comprising a display panel,
and a backlight panel including a plurality of self-calibrating
illumination modules configured to provide backlighting for
the display panel. Each self-calibrating i1llumination module
may include at least one light source configured to emait light
toward the display panel, at least one light sensor configured
to detect light emitted from the at least one light source that
1s 1nternally reflected within the display device, and a
controller configured to control a current supplied to the at
least one light source based at least on an intensity of light
detected by the at least one light sensor.

This Summary 1s provided to introduce a selection of
concepts 1 a simplified form that are further described
below 1n the Detailed Description. This Summary 1s not
intended to 1dentily key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used to limat
the scope of the claimed subject matter. Furthermore, the
claimed subject matter 1s not limited to implementations that
solve any or all disadvantages noted in any part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a display device that includes a plurality of
self-calibrating i1llumination modules arranged 1n an array
for a backlight of the display device, according to one
embodiment of the subject disclosure.

FIG. 2 shows a schematic view of an internal reflection of
light emitted from a light source of a self-calibrating 1llu-
mination module within the display device of FIG. 1.

FIG. 3A shows a schematic view of a controller of a

self-calibrating i1llumination module that performs a seli-
calibration process during a calibration phase for a backlight
of the display device of FIG. 1.

FIG. 3B shows a schematic view of a controller of a
self-calibrating 1llumination module that perform a continu-
ous self-calibration process for a backlight of the display
device of FIG. 1.

FIG. 4 shows a schematic view of a control scheme for
controlling drive signals to a display panel and target dim-
ming values for a backlight of the display device of FIG. 1.

FIG. 5 shows an example self-calibrating 1llumination
module that includes a single light source die-bonded onto
a base semiconductor die for the display device of FIG. 1.

FIG. 6 shows another example self-calibrating 1llumina-
tion module that includes a plurality of light sources die-
bonded onto a base semiconductor die for the display device

of FIG. 1.
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FIG. 7 shows a flowchart of an example method for
controlling a seli-calibrating 1llumination module for the
display device of FIG. 1.

FIG. 8 shows an example result of each i1llumination
module performing seli-calibration tunctions to individually
determine calibration factors that are applied to dimming

target values received from a timing controller of the display
device of FIG. 1.

FIG. 9 shows several examples of computer devices with

different form factors that include the display device of FIG.
1.

FIG. 10 shows a schematic view of an example computing,
environment in which a computer device that 1s coupled to
the display device of FIG. 1 may be enacted.

DETAILED DESCRIPTION

Displays equipped with multi-segment dimming panels
that provide backlighting for liquid crystal display (LCD)
panels have become an increasingly popular technology for
presenting high dynamic range (HDR) content. These types
of displays may enhance the color and light contrast 1n the
video content being played, which may provide a better
viewing experience ol HDR content for users. Additionally,
backlight panels that use minmiaturized light-emitting diodes
may be manufactured with thinner panels compared to
conventional LED beads, which may provide benefits for
enabling multi-segment backlight displays for small form-
factor devices, such as, for example, handheld devices,
tablets, laptops, wearable devices, etc.

However, current multi-segment dimming backlight tech-
nologies have several challenging i1ssues that may poten-
tially degrade user experience. For example, one challenging
1ssue for multi-segment dimming backlight technology 1is
achieving uniformity in luminance for a target dimming
value. Typically, the luminance of each LED 1n a backlight
panel may vary even with the same driving current being
applied to those LEDs. Currently, manufacturers often per-
form calibration processes on every backlight panel during
manufacture to individually calibrate each of the segments
in those panels 1n order to achieve uniformity 1in luminance
for the same driving current. These calibration processes are
typically performed at the system or LCD production site by
the optical measurement. The calibration factors determined
using the optical measurements may be stored 1n memory of
the display, and are applied at run-time during display of
video content.

However, these calibration processes typically require
human input and can be time 1ntensive, which may signifi-
cantly increase the costs for manufacturing the displays.
Further, as LED characteristics including luminance 1in
response to a given drive current may change as the LED
ages, the performance of each LED 1n a backlight panel may
deviate from 1ts original performance at the time of manu-
facture. These deviations can cause the calibration data to
become erroneous over time and ineflective at achieving
accurate luminance, which may cause non-uniformity in the
backlighting of the display. These issues may potentially
degrade the user experience of the display.

To address these 1ssues, FIG. 1 illustrates an example
display device 10 that includes a multi-segment dimming
backlight panel that uses self-calibrating 1llumination mod-

ules, as will be described 1n more detail below. By using
self-calibrating 1llumination modules, luminance non-uni-

formity in the backlight panel may be maitigated without
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requiring a manufacturer calibration process using optical
measurements, which may reduce manufacturer costs for the
display.

The display device 10 may take the form of a stand-alone
display for a computer, a display integrated in a laptop or
tablet device, a display of a wearable device, or another type
of display device. In the illustrated example, the display
device 10 includes a display panel 12, a color conversion
layer 14, and a backlight panel 16. The display panel 12 may
take the form of a liquid crystal display (LCD) panel that
uses the light-modulating properties of liquid crystals and a
backlight panel to images. However, 1t should be appreciated
that other display technologies that do not produce hght by
themselves, and use a backlight to produce visible 1mages
may also be used for the display panel 12.

The color conversion layer 14 1s arranged between the
backlight panel 16 and the display panel 12. In one example,
the color conversion layer 14 may take the form of a
quantum dot layer that converts light emitted from the
backlight panel 16 to respectwe monochromatic colors.
Specifically, the color conversion layer 14 may include
photo-emissive nanocrystals which are capable of naturally
emitting monochromatic light when excited from an imping-
ing light source. The backlight panel 16 may be configured
to emit blue light, or another high-energy wavelength of
light, toward the color conversion layer 14, which supplies
the energy required for the quantum dots to fluoresce. In one
example, the quantum dots may be configured to fluoresce
white light. However, 1t should be appreciated that other
types of color conversion or color filter technologies may be
used for the color conversion layer 14.

The backlight panel 16 1s a multi-segment dimming
backlight panel that includes a plurality of a plurality of
self-calibrating i1llumination modules 18 configured to pro-
vide backlighting for the display panel 12. As illustrated in
FIG. 1, the plurality of self-calibrating 1llumination modules
18 may be arranged 1n an array or grid on the backlight panel
16, or another segmented formation of modules. Typically,
the backlight panel 16 may include an array of thousands of
self-calibrating illumination modules 18, which may take
the form of min1 light emitting diode (LED) modules that
share a system bus and power supply of the display device
10. Each of the individual self-calibrating 1llumination mod-
ules 18 1s capable of controlling and calibrating a luminance
characteristic of that module based on an integrated light
SENnsor.

FI1G. 2 1llustrates an example self-calibrating 1llumination
module 18 that may be included 1n the backlight panel 16 of
the display device 10. The example seli-calibrating 11lumi-
nation module 18 shown 1 FIG. 2 may be formed within
cach of the plurality of illumination modules in the array
arranged on the backlight panel 16 shown i1n FIG. 1. Thus,
cach 1llumination module 18 of the backlight panel 16 may
perform 1ts own individual self-calibration functions that are
separate from the other illumination modules 1n the array.

The self-calibrating i1llumination module 18 may include
at least one light source 20, at least one light sensor 22, and
a controller 24. The at least one light source 20 may take the
form of an LED, a mim-LED, or another type of photo-
emissive element. The at least one light source 20 1is
arranged to emit light toward the display panel 12, and
through the color conversion layer 14 of the display device
10. In one example, the at least one light source 20 may be
configured to emit blue light, or another high-energy wave-
length of light.

As 1llustrated 1n FIG. 2, the at least one light sensor 22
may be configured to detect light 26 emitted from the at least
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one light source 20 that 1s internally reflected within the
display device 10. In one example, the light 26 emitted from
the light source 20 1s internally reflected off the surface of
the color conversion layer 14. In this example, the color
conversion layer 14 has a substantially uniform reflectivity
across the entire layer. As a specific example, the color
conversion layer 14 may take the form of a quantum dot
layer that 1s manufactured to have a substantially uniform
reflectivity across the layer. By having a substantially uni-
form retlectivity, the color conversion layer 14 will reflect
the incident light from each seli-calibrating illumination
module back toward each of those self-calibrating 1llumi-
nation modules with the same or substantially similar reflec-
tive characteristics, such as, for example, an angle of reflec-
tion, a reflection coeflicient, etc. Thus, the eflect of the
reflective surface on the reflected light emitted by each
self-calibrating 1llumination module will be substantially
similar, which may mitigate potential differences in calibra-
tion among the self-calibrating illumination modules that
may be caused by emitted light being reflected differently for
cach self-calibrating 1llumination module. Further, in some
examples, the display device 10 may not include a color
conversion layer 14. In these examples, the light emaitted
from the self-calibrating illumination modules 18 may be
internally reflected off of a different layer of the display
device 10, such as, for example, a back surface of the display
panel 12. In this example, the back surface of the display
panel 12 that 1s facing the backlight panel 16 may be
manufactured to be at least partially retlective, and may be
manufactured to have a substantially uniform retlectivity
across the surface.

As discussed above, at least a portion of the light 26
emitted from the light source 20 of each self-calibrating
1llumination module 18 1s reflected ofl the color conversion
layer 14, or another layer of the display device 10, back
toward the respective self-calibrating illumination module
18. The respective light sensor 22 of each self-calibrating
illumination module 18 1s arranged adjacent to the respec-
tive light source 20, and 1s configured to detect an 1ntensity
value for that internally retlected light for that self-calibrat-
ing 1llumination module 18. In this manner, the light sensor
22 may measure a luminance characteristic of the associated
light source 20 in real-time as the display device 10 1s used.

The controller 24 1s coupled to a power supply 28 and a
system control bus 30 of the display device 10. The con-
troller 24 may be configured to control a current supplied by
the power supply 28 to the at least one light source 20 to
achieve a target luminance that may be set by the display
device 10. To perform the self-calibration function described
herein, the controller 24 may control the current supplied to
the at least one light source 20 based at least on an 1ntensity
of light detected by the at least one light sensor 22 for the
light that has been emitted by the light source 20 and
internally reflected off of the color conversion layer 14, or
another layer of the display device 10. In this manner, each
individual 1llumination module 18 may self-calibrate based
at least on detected light intensity values in real-time.

FIG. 3A shows a schematic view of each self-calibrating
illumination module 18. As shown, the controller 24 of the
self-calibrating 1llumination module 18 may 1nclude several
logic components including a dimming controller 32, a
calibration factor scaler 34, a current modulator 36, and an
anode power source 38. However, 1t should be appreciated
that the controller 24 may include other suitable components
for controlling the power supplied to the light source 20.

The dimming controller 32 of the controller 24 may be
configured to receive a dimming target value 40 for the at
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least one light source 20 of that selt-calibrating i1llumination
module 18. As will be discussed 1n further detail below, the
dimming target value 40 may be generated by a timing
controller of the display device 10, and may represent a
dimming value that should be achieved by that specific
i1llumination module 18 of the backlight panel. The dimming
target value 40 may be recerved via the system control bus
30 of the display device 10. In one example, the dimming
controller 32 does not recerve a calibration factor that is
determined from a calibration process performed during
manufacturing of the display device 10. Rather, the control-
ler 24 of the 1llumination module 18 1s configured to perform
self-calibration functions to achieve the dimming target
value 40 for the light source 20.

The dimming controller 32 may be configured to control
the current modulator 36 to modulate the current supplied to
the light source 20 via the anode power source 38 based at
least on the dimming target value 40 recerved via the system
control bus 30. The powered light source 20 will emit light
toward the display panel of the display device 10. Some of
the emitted light will be internally reflected off of the color
conversion layer 14 back toward the light sensor 22, which
1s configured to measure an intensity of the light.

In the example illustrated 1n FIG. 3A, the self-calibrating
illumination module 18 may be configured to perform
self-calibration during a calibration phase. The calibration
phase may be performed at a calibration opportunity, such
as, for example, a period of time during a start-up phase of
the display or a shut-down phase of the display. For
example, the display device 10 may be configured to include
a calibration phase during a start-up and/or shut-down
process for the display. The calibration phase may also be
performed at other types of calibration opportunities. For
example, if the content being displayed on the display device
10 includes a frame that has a substantially uniform and
bright luminance for each pixel in the frame, the display
device 10 may be configured to determine that the frame of
the content 1s a calibration opportunity and may send an
instruction to the seli-calibrating 1llumination modules 18 to
perform the self-calibration process described herein during
the presentation of that frame of the display content. As
another example, the display device 10 may be configured to
instruct individual self-calibrating 1llumination modules 18
to perform the self-calibration process when the dimming
target value 40 for that self-calibrating illumination module
1s above a predetermined threshold of intensity. However, 1t
should be appreciated that other suitable calibration oppor-
tunities may be used to trigger and perform the self-calibra-
tion process described herein.

During the calibration phase, an instruction to perform the
calibration and a calibration target value 44 may be sent to
cach self-calibrating i1llumination module 18. In another
example, each seli-calibrating 1llumination module 18 may
store a default value for the calibration target value 44 for
performing the self-calibration process. The controller 24 of
cach self-calibrating illumination module 18 may be con-
figured to control the current supplied to the at least one light
source 20 based at least on the calibration target value 44 to
cause the at least one light source 20 to emit light. As
discussed above, the emitted light 1s internally reflected
within the display device 10 back toward that 1llumination
module. The controller 24 1s further configured to detect, via
the light sensor 22, an itensity 46 of the light emitted from
the at least one light source 20 that i1s mternally reflected
within the display device 10. The calibration factor scaler 34
of the controller 24 may receive both the calibration target
value 44 and the measured intensity 46 of the light emitted
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from the light source 20. The calibration factor scaler 34
may be configured to determine a calibration factor 42 for
that self-calibrating i1llumination module 18 based at least on
a comparison between the calibration target value 44 and the
detected intensity 46 of the light emitted from the at least
one light source 20.

In the example illustrated 1n FIG. 3A, the calibration
target value 44 may have a value of “100”, which 1s a
relative value that may correspond to a range of luminance
values for light emitted from the light source 20. In other
examples, the calibration target value 44 may have an
absolute luminance value, a normalized value, or another
type of value to represent the output of the light source 20.
Further in the example illustrated in FIG. 3A, the light
sensor 22 detects an intensity value of “104” for the light
emitted from the light source 20 and internally reflected
within the display device 10. In this example, the current
supplied to the light source 20 was controlled by the current
modulator 36 to achieve the luminance value represented by
the calibration target value 44. However, due to the specific
luminance characteristics of the light source 20, the intensity
of the emitted light was higher than intended, having a
detected value of “104” 1in the illustrated example. The
calibration factor scaler 34 compares the detected intensity
46 of “104” to the calibration target value 44 of “100, and
determines the calibration factor 42 based at least on the
comparison. In the illustrated example, the light emitted
from the light source 20 overshot the intended calibration
target value by 4%, thus the calibration factor scaler 34 may
be configured to determine a calibration factor 42 of “-4%"
for that self-calibrating illumination module 18. The cali-
bration factor 42 of “-4%" 1s sent to the current modulator
36, which may then use the calibration factor 42 during
runtime to control the current supplied to the light source 20.
The calibration factor 42 may be updated as new calibration
phases are performed at subsequent calibration opportunities
of the display device 10.

As 1llustrated 1n FIG. 3A, during a runtime phase where
content 1s being presented on the display device 10, the
controller 24 of the self-calibrating illumination module 18
may be configured to receive a dimming target value 40 for
the at least one light source 20. The dimming target value 40
may be processed by a dimming controller 32 of the con-
troller 24. The dimming controller 32 may be configured to
determine a module dimming factor 48 based at least on the
dimming target value 40. For example, the dimming target
value 40 may take the form of a value between 0% and
100%, which represents a range of intensities for the light
emitted by the light source 20. The dimming controller 32
may be configured to determine a module dimming factor 48
based at least on the dimming target value 40. The module
dimming factor 48 may, for example, be a current value for
controlling the current supplied to the light source 20 to
achieve the dimming target value 40 for that specific seli-
calibration 1llumination module 18. The module dimming
factor 48 may depend upon module specific characteristics
of that self-calibrating 1llumination module 18, such as, for
example, characteristics of the anode power source 38, the
light source 20, the current modulator 36, efc.

The dimming controller 32 may send the module dim-
ming factor 48 to the current modulator 36. The current
modulator 36 of the controller 24 may then control the
current supplied to the at least one light source 20 based at
least on the determined calibration factor 42 for that seli-
calibrating i1llumination module 18 and the module dimming
factor 48 that was determined based at least on the dimming
target value 40 for that module. In this manner, the controller
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24 may control the current supplied to the light source 20 to
achieve the specified dimming target value 40 received via
the system control bus 30.

As discussed above, the luminance characteristics of the
light source 20 may potentially change over time as the light
source 1s used. However, using the seli-calibrating process
described above, the self-calibrating i1llumination module 18
may perform the self-calibration process at each calibration
phase to adjust the calibration factor 42 1n accordance with
the changing luminance characteristics of the light source
20.

FIG. 3B shows a schematic view of a self-calibrating
illumination module 18 that performs a continuous seli-
calibration process that 1s performed during runtime of the
display device 10 while content 1s being presented. In this
example, the self-calibration process may be managed by the
dimming controller 32 of the controller 24 of each seli-
calibration i1llumination module 18. The dimming controller
32 may be configured to i1dentily a calibration opportunity
during runtime of the display device 10. For example, the
dimming controller 32 may determine that a dimming target
value 40 received from the system control bus 30 during
runtime 1s above a threshold value, such as, for example,
80%, 90%, etc., and may determine that there 1s a calibration
opportunity. The calibration process may potentially be
more accurate for higher intensities of light. For example, 1T
the light emitted from the light source 20 of a particular
self-calibrating 1llumination module 18 has a lower intensity
than light being emitted from neighboring modules, then the
light sensor 22 for that particular selt-calibrating 1llumina-
tion module 18 may potentially be impacted by optical
crosstalk from the neighboring modules.

After determining that there i1s a calibration opportunity,
the dimming controller 32 may be configured to determine
a calibration target value 44 based at least on the dimming
target value 40, and send the calibration target value 44 to
the calibration factor scaler 34. The calibration target 44
may, for example, be the same value as the dimming target
value 40. In other examples, the calibration target 44 may be
determined based at least on the dimming target value 40. As

a specific example, the dimming target value 40 may take the
form of a percentage for a max current that may be supplied
to the light source 20, such as, 10%, 20%, 100%, etc. The
calibration target 44 may take the form of a corresponding
expected luminance value for the light source 20 for that
dimming target value 40. In one example, diflerent types of
displays may have different corresponding luminance values
for the range of dimming values. That 1s, 10% dimming for
one display may be mapped to a luminance value that is
different than 10% dimming for another display that may be
configured to be brighter as a default setting.

The calibration factor scaler 34 may then compare that
calibration target 44, such as the expected luminance value
tor the light source 20 for the dimming target value 40, to a
detected intensity of light 46 detected by the light sensor 22.
The calibration factor scaler 34 may determine the calibra-
tion factor 42 based at least on a comparison between the
detected intensity 46 of the light emitted from the at least
one light source 20 and internally reflected within the
display device 20 back toward the light sensor 22. In this
manner, the calibration factor scaler 34 may compare the
expected intensity of light that should be emitted from the
light source 20 for the dimming target value 40 to the actual
intensity of light as detected by the light sensor 22, and
determine a calibration factor 42 that may be used to correct

10

15

20

25

30

35

40

45

50

55

60

65

8

deviations 1n the light intensity. The calibration factor scaler
34 may then send the determined calibration factor 42 to the
dimming controller 32.

In the example illustrated in FIG. 3B, the calibration
target value 44 has a value of “100”, which 1s a relative value
that may correspond to a range of luminance values for light
emitted from the light source 20. In other examples, the
calibration target value 44 may have an absolute luminance
value, a normalized value, or another type of value to
represent the output of the light source 20. Similarly to the
example of 3A, the light sensor 22 detected an intensity
value of “104” for the internally reflected light. Based on a
comparison, the calibration factor scaler 34 determines a
calibration factor 42 of “—4%", which 1s sent to the dimming
controller 32. The dimming controller 32 may then store the
calibration factor 42 for adjusting subsequent control of
current supplied to the light source 20 for subsequently
received dimming target values 40. The dimming controller
32 may update the stored calibration factor 42 as the
self-calibration process 1s performed at each calibration
opportunity.

To control the current supplied to the light source 20
based on a received dimming target value 40, the dimming
controller 32 of the controller 24 may be configured to
determine a module dimming factor 48 based at least on the
dimming target value 40 and module specific characteristics
of that self-calibrating 1llumination module 18, such as, for
example, characteristics of the anode power source 38, the
light source 20, the current modulator 36, etc. The dimming
controller 32 may send a dimming controller output 49 to the
current modulator 36, which will control the current sup-
plied to the light source 20 based at least on the dimming
controller output 49.

As 1illustrated 1n FIG. 3B, the dimming controller output
49 may include the determined module dimming factor 48
for the current dimming target value 40, and the calibration
factor 42. In one example, both values may be sent to the
current modulator 36, which includes logic components to
process both the module dimming factor 48 and the cali-
bration factor 42 to control the current supplied to the light
source 20. In another example, the dimming controller 32
may be configured to adjust the module diming factor 48
based at least on the calibration factor 42, and send the
adjusted module dimming factor 48 to the current modulator
36 as the dimming controller output 49. In the specific
example illustrated 1n FIG. 3B, the module dimming factor
48 determined for the dimming target value 40 has a value
of “0.6”, which may be a value for controlling the current
supplied to the light source 20. The calibration factor 42
indicates that the module dimming factor 48 should be
reduced by “-4%” 1n this specific example. Thus, the
dimming controller 32 may multiply the module dimming
factor 48 of “0.6” by “(1-0.04)”, to determine a dimming
controller output 49 value of “0.576”. The dimming con-
troller output 49 1s sent to the current modulator 36, which
controls the current supplied to the light source 20 accord-
ingly.

Using the calibration processes described above with
reference to FIGS. 3A and 3B, each individual self-calibra-
tion 1llumination module 18 of the backlight panel 16 may
perform individual module-specific calibration processes to
achieve the target dimming values specified by a timing
controller of the display device 10.

FIG. 4 1llustrates a schematic view of the display device
10 implementing the self-calibrating illumination modules
18 described above with reference to FIG. 3. As shown, the
display device 10 may include a power management system
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50 that supplies power to a column drniver 52 and a row
driver 54 via power supply lines 56 of the display device 10.
The column and row drivers are configured to generate

driving signals 58 for the display panel 12. In one example,
the display panel 12 1s an LCD panel that includes LCD
cells, and the column driver 52 and the row driver 34 may
be configured to generate LCD cell driving signals 38 for the
display panel 12. As 1llustrated 1n FIG. 4, the column drniver
52 and the row driver 34 may be configured to generate the
driving signals 58 based on driver control signals 60 gen-
crated by a timing controller 62 of the display device 10.

The timing controller 62 may be configured to receive a
video signal 64 for the content to be displayed using the
display device 10. The video signal 64 may typically include
video frames with pixel information such as color, lumi-
nance, etc. The timing controller 62 may also receive a
global dimming control 66 that indicates a global diming
value for the display device 10, which may, for example,
take the form of a user controllable dimming setting. The
timing controller 62 may generate the driver control signals
60 based on the pixel information 1n the video signal 64 and
various display settings of the display device 10 such as, for
example, aspect ratio, global color settings, etc. The timing
controller 62 may also generate dimming target values 40 for
cach of the plurality of illumination modules 18 of the
backlight panel 16. The dimming target values 40 may be
determined based on the pixel information of the video
signal 64 combined with the global dimming control 66. For
example, pixels covering a sunny sky may correspond to
higher dimming target values 40 than pixels covering a
shaded area. The timing controller 62 may include a map-
ping of each 1llumination module 18 1n the backlight panels
16 to specific segments of the display panel 12 that those
illumination modules 18 illuminate. The timing controller
62 may then assign the dimming target values 40 based on
the pixel information that will be displayed for those seg-
ments of the display panel 12. The respective dimming target
values 40 are sent to the plurality of self-calibrating illumi-
nation modules via the system control bus 30.

In one example, the timing controller 62 does not store
any calibration information for the backlight panel 16. As
discussed above, conventional display device technologies
require a calibration process to be performed during manu-
facturing of the display to calibrate the backlight panel 16.
During the calibration process, a calibration factor 1s typi-
cally determined for each illuminator of the backlight panel
16 using optical measurements during manufacturing. The
set of calibration factors are then stored and accessible to the
timing controller 62. In conventional systems, the timing
controller 62 may typically access the stored calibration
factors to adjust the dimming target values 40 sent to each
illuminator of the backlight panel. However, as discussed
previously, these conventional calibration technologies have
potential drawbacks of increased manufacturing costs, as
well as degradation of luminance uniformity of the backlight
over usage time of the display.

Thus, 1n one example, the display device 10 does not
require such a calibration process, and does not store a map
ol calibration factors for each illumination module 18 that
are accessible to the timing controller 62. Rather, the timing
controller 62 only sends the dimming target values 40
determined based on the video signal 64 and the global
dimming control 66, and does not send calibration factors to
the plurality of self-calibrating illumination modules 18.
Rather, each illumination module 18 performs individual
module specific calibration, which provides the benefit of
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reducing manufacturing costs and mitigating luminance
non-uniformity from occurring over the usage lifetime of the
display device 10.

FIGS. 5 and 6 illustrates two example configurations of
the self-calibrating 1llumination module 18. In the example
of FIG. 5, the self-calibrating illumination module 18
includes a single light source 20, a single light sensor 22, and
a single controller 24. In the example of FIG. 6, the
self-calibrating illumination module 18 1ncludes a plurality
of light sources 20 that are controlled by a single controller
24. Although the example of FIG. 6 shows four light sources
20, 1t should be appreciated that each self-calibrating 1llu-
mination module 18 may include other suitable numbers of
light sources 20, such as, for example, 2, 3, 8, 16, efc.

In both examples of FIGS. 5 and 6, each seli-calibrating
1llumination module 18 includes a base semi-conductor die
70 that integrates both the controller 24 and the light sensor
22. In one example manufacturing process, the light sensor
22 may be manufactured in the same semiconductor process
node as the controller 24. The light sensor 22 and controller
24 may be made 1n a 0.13 Micron Bipolar complementary
metal-oxide-semiconductor (BiICMOS) process. The light
source 20 may then be die-bonded onto the base semicon-
ductor die 70. In the example of FIG. 6, the plurality of light
sources 20 may all be die-bonded onto the same base
semiconductor die 70, and controlled by the integrated
controller 24 and light sensor 22. In these examples, light
sources 20 are poisoned on the base semiconductor die such
that the light sensor 22 1s arranged adjacently to the at least
one light source 20. Using this arrangement, each light
sensor 22 may detect the light emitted from the adjacent
light source 20 that 1s internally reflected off of the color
conversion layer.

FIG. 7 shows a flowchart for an example method 700 for
controlling a self-calibrating 1llumination device for a back-
light of display device. Steps 702-706 of the method 700
may be performed at each illumination module 18 during a
self-calibration phase. Steps 708-714 may be performed by
a timing controller of the display device illustrated 1n FIG.
4. Steps 716-720 may be performed by a controller of each
respective selif-calibrating 1llumination device illustrated in
FIG. 3 during runtime of the display device. However, 1t
should be appreciated that steps of portions of steps of the
method 700 may be performed by other computer compo-
nents of the display device 700 in conjunction with the
timing controller and the controller of each illumination
module.

Steps 702-706 may be performed during a self-calibration
process that may be imtiated at a calibration opportunity.
Example calibration opportunmities include a start-up phase
or shut-down phase of the display device. At step 702, the
method 700 may include controlling a current supplied to
the at least one light source based at least on a calibration
target value to cause the at least one light source to emait
light.

At step 704, the method 700 may include detecting, via a
light sensor, an intensity of the light emitted from the at least
one light source that 1s internally reflected within the display
device.

At step 706, the method 700 may include determiming a
calibration factor for the self-calibrating illumination mod-
ule based at least on a comparison between the calibration
target value and the detected intensity of the light emitted
from the at least one light source. The calibration factor may
be stored on the controller of the self-calibrating illumina-
tion module, and may be adjusted each time the calibration
process 1s performed.
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Steps 708-714 may be performed during runtime of the
display device at a timing controller. At step 708, the method
700 may include receiving a video signal and a global
dimming control value. The video signal may be received
from a computer device that 1s communicatively coupled to
the display device. The video signal may include frames of
pixel information for a video. In one example, the video
signal may include HDR video content. The global dimming
control may include global settings for the display device
that may be set by a user of the computer device.

At step 710, the method 700 may include generating a
driver control signal for a display panel of the display
device. At step 712, the method 700 may include generating
a dimming target value for each of a plurality of seli-
calibrating 1llumination modules of the backlight panel. At
step 714, the method 700 may include sending the respective
dimming target values to the plurality of self-calibrating
1llumination modules. In one example, the method 700 does
not mclude sending a calibration factor for dimming to the
plurality of self-calibrating illumination modules.

Each self-calibrating illumination module includes a
respective controller that may be configured to perform steps
716-720 of the method 700. At 716, the method 700 may
include recerving, via a system bus of a display device, a
dimming target value for at least one light source of the
illumination module. At 718, the method 700 may include
determining a module dimming factor based at least on the
received dimming target value. The module dimming factor
may take the form of a value for controlling a current
supplied to the light source to achieve the dimming target
value, and may take mto account the device specific char-
acteristics of that 1llumination module.

At 720, the method 700 may include controlling a current
supplied to the at least one light source based at least on the
determined calibration factor and the module diming factor.

By implementing the self-calibrating 1llumination mod-
ules and control method described herein, the display device
shown 1 FIG. 1 may mitigate the challenge of luminance
non-uniformity of the backlight panel without requiring a
manufacturer calibration process using optical measure-
ments, which may provide the potential benefit of reduced
manufacturer costs for the display. Further, the self-calibrat-
ing 1llumination modules may also continuously calibrate 1n
real-time for the lifetime of the display device, which may
provide the potential benefit of mitigating luminance non-
uniformity caused by changes to the luminance character-
istics ol the illumination devices over usage time of the
device.

FIG. 8 shows an example result of each illumination
module 18 performing self-calibration functions to individu-
ally determine calibration factors 42 that are applied to
dimming target values 40 received from a timing controller
62 of the display device 10. As shown, the timing controller
62 receives a video signal 64 and generates dimming target
values 40 for each segment of the backlight panel of the
display device 10. Specifically, the timing controller 62 may
generate a dimming target value for each self-calibrating
illumination module 18 of the backlight panel. The example
illustrated in FIG. 8 shows an expanded view of nine
segments ol the backlight panel corresponding to nine
different seli-calibrating i1llumination modules 18 1n the
array arranged on the backlight panel. In this specific
example, each of the nine illumination modules 18 are
assigned the same dimming target value 40 of “50%”.
However, 1t should be appreciated that different dimming
target values 40 may be sent to each respective 1llumination
module 18 based on the pixel information of the video signal
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64. Further, it should be appreciated that the dimming target
value 40 may be represented using other ranges, such as, for
example, a normalized value between O and 1.

However, even though the same dimming target value 40
was sent to each of the mine 1llumination modules 18 1n the
illustrated example, due to differences 1n luminance char-
acteristics between respective light sources of the 1llumina-
tion modules 18, the resulting light that 1s actually emaitted
from those nine i1llumination modules 18 may have different

intensities, resulting in non-uniformity in the intensity of the
emitted light.

To address this potential 1ssue, each of the i1llumination
modules 18 are configured to perform the self-calibration
method described herein. For example, each self-calibrating,
1llumination module 18 includes a respective light sensor, as
shown i1n FIG. 3, which 1s used to measure the actual
intensity of light being emitted from that module. Each
seli-calibrating illumination module 18 may then individu-
ally and separately determines its own calibration factor
based at least on a difference between a calibration target for
the emitted light, and the actual measured 1ntensity value for
the ematted light. It should be appreciated that the calibration
factors shown 1 FIG. 8 are merely exemplary, and that the
calibration factors may take any suitable form, such as, for
example, a scalar value that may be applied to the dimming
target value 40. FIG. 8 further shows a result of each
self-calibrating 1llumination module 18 applying 1ts own
individually determined calibration factor to the dimming
target value 40 assigned to that self-calibrating 1llumination
module 18, which 1s a uniformity in the intensity of light
emitted from each self-calibrating 1llumination module 18 1n
response to the same dimming target value 40. In this
manner, each self-calibrating illumination module 18 may
separately determine how to control the power supplied to
cach respective light source 1n order to accurately achieve
the dimming target value 40 supplied to that self-calibrating
illumination module 18 by the timing controller 62.

FIG. 9 shows several examples of computer devices with
different form factors that may include the display device 10
described herein. In a first example, a laptop computer
device 80 may include an integrated display device 10 that
includes the self-calibrating i1llumination modules described
herein. In a second example, a desktop computer device 82
may be electromically coupled to a stand-along display
device 10 that includes self-calibrating illumination mod-
ules. In a third example, a handheld mobile computer device
84 may include an itegrated display device 10 that includes
self-calibrating 1llumination module 18. In a fourth example,
a tablet computer device 86 may include an integrated
display device 10 that includes self-calibrating 1llumination
module 18. In these examples, the seli-calibrating 1llumina-
tion modules 18 of the display devices 10 may include
mini-LED light sources to achieve a thin form factor that
may be integrated into thin displays, such as, for example,
the integrated displays of the mobile and tablet computer
devices. However, it should be appreciated that the 1llus-
trated form factors of the computer device are merely
exemplary, and that other types of computer devices may
include display devices that implement the self-calibrating
illumination modules described herein.

In some embodiments, the methods and processes
described herein may be tied to a computing system of one
or more computing devices. In particular, such methods and
processes may be implemented as a computer-application
program or service, an application-programming interface
(API), a library, and/or other computer-program product.
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FIG. 10 schematically shows a non-limiting embodiment
of a computing system 800 that can enact one or more of the
methods and processes described above. Computing system
800 1s shown in simplified form. Computing system 800
may embody a computer system that provides the video
signal 64 and the settings for the global dimming control 66
to the display device 10, such as the computer systems
shown 1 FIG. 9. Computing system 800 may take the form
of one or more personal computers, server computers, tablet
computers, home-entertainment computers, network com-
puting devices, gaming devices, mobile computing devices,
mobile communication devices (e.g., smart phone), and/or
other computing devices, and wearable computing devices
such as smart wristwatches and head mounted augmented
reality devices.

Computing system 800 includes a logic processor 802
volatile memory 804, and a non-volatile storage device 806.
Computing system 800 may optionally include a display
subsystem 808, input subsystem 810, communication sub-
system 812, and/or other components not shown in FIG. 10.

Logic processor 802 includes one or more physical
devices configured to execute structions. For example, the
logic processor may be configured to execute instructions
that are part of one or more applications, programs, routines,
libraries, objects, components, data structures, or other logi-
cal constructs. Such structions may be implemented to
perform a task, implement a data type, transform the state of
one or more components, achieve a technical effect, or
otherwise arrive at a desired result. The logic processor 802
may also embody the controller 24, the timing controller 62,
and other controllers of the display device 10.

The logic processor may include one or more physical
processors (hardware) configured to execute software
instructions. Additionally or alternatively, the logic proces-
sor may include one or more hardware logic circuits or
firmware devices configured to execute hardware-imple-
mented logic or firmware instructions. Processors of the
logic processor 802 may be single-core or multi-core, and
the instructions executed therecon may be configured for
sequential, parallel, and/or distributed processing. Indi-
vidual components of the logic processor optionally may be
distributed among two or more separate devices, which may
be remotely located and/or configured for coordinated pro-
cessing. Aspects of the logic processor may be virtualized
and executed by remotely accessible, networked computing
devices configured 1 a cloud-computing configuration. In
such a case, these virtualized aspects are run on different
physical logic processors of various different machines, it
will be understood.

Non-volatile storage device 806 includes one or more
physical devices configured to hold structions executable
by the logic processors to implement the methods and
processes described herein. When such methods and pro-
cesses are implemented, the state of non-volatile storage
device 806 may be transformed—e.g., to hold different data.

Non-volatile storage device 806 may include physical
devices that are removable and/or built-in. Non-volatile
storage device 806 may include optical memory (e.g., CD,
DVD, HD-DVD, Blu-Ray Disc, etc.), semiconductor
memory (e.g., ROM, EPROM, EEPROM, FLASH memory,
etc.), and/or magnetic memory (e.g., hard-disk drive, tloppy-
disk drive, tape drive, MRAM, etc.), or other mass storage
device technology. Non-volatile storage device 806 may
include nonvolatile, dynamic, static, read/write, read-only,
sequential-access, location-addressable, file-addressable,
and/or content-addressable devices. It will be appreciated
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that non-volatile storage device 806 1s configured to hold
istructions even when power 1s cut to the non-volatile
storage device 806.

Volatile memory 804 may include physical devices that
include random access memory. Volatile memory 804 is
typically utilized by logic processor 802 to temporarily store
information during processing of solftware instructions. It
will be appreciated that volatile memory 804 typically does
not continue to store mnstructions when power 1s cut to the
volatile memory 804.

Aspects of logic processor 802, volatile memory 804, and
non-volatile storage device 806 may be integrated together
into one or more hardware-logic components. Such hard-
ware-logic components may 1include field-programmable
gate arrays (FPGAs), program- and application-specific inte-
grated circuits (PASIC/ASICs), program- and application-
specific standard products (PSSP/ASSPs), system-on-a-chip
(SOC), and complex programmable logic devices (CPLDs),
for example.

The terms “module,” “program,” and “engine” may be
used to describe an aspect of computing system 800 typi-
cally implemented 1n software by a processor to perform a
particular function using portions of volatile memory, which
function involves transformative processing that specially
configures the processor to perform the function. Thus, a
module, program, or engine may be instantiated via logic
processor 802 executing instructions held by non-volatile
storage device 806, using portions of volatile memory 804.
It will be understood that different modules, programs,
and/or engines may be instantiated from the same applica-
tion, service, code block, object, library, routine, API, func-
tion, etc. Likewise, the same module, program, and/or
engine may be instantiated by different applications, ser-
vices, code blocks, objects, routines, APIs, functions, efc.
The terms “module,” “program,” and “engine” may encom-
pass individual or groups of executable files, data files,
libraries, drivers, scripts, database records, etc.

When 1ncluded, display subsystem 808 may be used to
present a visual representation of data held by non-volatile
storage device 806. The visual representation may take the
form of a graphical user interface (GUI). As the herein
described methods and processes change the data held by the
non-volatile storage device, and thus transform the state of
the non-volatile storage device, the state of display subsys-
tem 808 may likewise be transformed to visually represent
changes 1n the underlying data. Display subsystem 808 may
include one or more display devices utilizing virtually any
type of technology. Such display devices may be combined
with logic processor 802, volatile memory 804, and/or
non-volatile storage device 806 1n a shared enclosure, or
such display devices may be peripheral display devices.

When included, mput subsystem 810 may comprise or
interface with one or more user-input devices such as a
keyboard, mouse, touch screen, or game controller. In some
embodiments, the mput subsystem may comprise or inter-
face with selected natural user mput (NUI) componentry.
Such componentry may be integrated or peripheral, and the
transduction and/or processing of input actions may be
handled on- or off-board. Example NUI componentry may
include a microphone for speech and/or voice recognition;
an 1nfrared, color, stereoscopic, and/or depth camera for
machine vision and/or gesture recognition; a head tracker,
eye tracker, accelerometer, and/or gyroscope for motion
detection and/or intent recognition; as well as electric-field
sensing componentry for assessing brain activity; and/or any
other suitable sensor.

- 4
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When included, communication subsystem 812 may be
configured to communicatively couple various computing
devices described herein with each other, and with other
devices. Communication subsystem 812 may include wired
and/or wireless communication devices compatible with one
or more different communication protocols. As non-limiting
examples, the communication subsystem may be configured
for communication via a wireless telephone network, or a
wired or wireless local- or wide-area network, such as a
HDMI over Wi-F1 connection. In some embodiments, the
communication subsystem may allow computing system
800 to send and/or receive messages to and/or from other
devices via a network such as the Internet.

The following paragraphs provide additional support for
the claims of the subject application. One aspect provides a
display device comprising a display panel, and a backlight
panel including a plurality of self-calibrating 1llumination
modules configured to provide backlighting for the display
panel. Each seli-calibrating illumination module includes at
least one light source configured to emit light toward the
display panel, at least one light sensor configured to detect
light emitted from the at least one light source that is
internally reflected within the display device, and a control-
ler configured to control a current supplied to the at least one
light source based at least on an intensity of light detected by
the at least one light sensor.

In this aspect, additionally or alternatively, the controller
of each self-calibrating 1llumination module may be config-
ured to, at a calibration phase, control the current supplied
to the at least one light source based at least on a calibration
target value to cause the at least one light source to emit
light, detect, via the light sensor, an intensity of the light
emitted from the at least one light source that i1s internally
reflected within the display device, and determine a calibra-
tion factor for that self-calibrating illumination module
based at least on a comparison between the calibration target
value and the detected intensity of the light emitted from the
at least one light source.

In this aspect, additionally or alternatively, the controller
of each self-calibrating 1llumination module may be config-
ured to, at a runtime phase, receive a dimming target value
for the at least one light source, and control the current
supplied to the at least one light source based at least on the
determined calibration factor for that self-calibrating illu-
mination module and the dimming target value.

In this aspect, additionally or alternatively, the calibration
phase may be performed by each self-calibrating illumina-
tion module at a calibration opportunity, and the calibration
opportunity may include at least a period of time during a
start-up phase of the display or a shut-down phase of the
display.

In this aspect, additionally or alternatively, the display
panel may be a liquid crystal display, and the at least one
light source of each self-calibrating illumination module
may be a light emitting diode. In this aspect, additionally or
alternatively, the plurality of self-calibrating illumination
modules may be arranged 1n an array on the backlight panel.
In this aspect, additionally or alternatively, the display
device may further include a color conversion layer arranged
between the backlight panel and the display panel. In this
aspect, additionally or alternatively, the light emitted from
respective light sources of the plurality of self-calibrating
illumination modules may be internally reflected off of the
color conversion layer. In this aspect, additionally or alter-
natively, the color conversion layer may have a substantially
uniform reflectivity. In this aspect, additionally or alterna-
tively, each seli-calibrating illumination module may
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include a single light source, a single light sensor, and a
single controller. In this aspect, additionally or alternatively,
cach self-calibrating illumination module may include a
plurality of light sources that are controlled by a respective
controller of each self-calibrating illumination module. In
this aspect, additionally or alternatively, each seli-calibrat-
ing i1llumination module may include a base semi-conductor
die that integrates both the controller and the light sensor,
and the at least one light source may be die-bonded onto the
base semi-conductor die. In this aspect, additionally or
alternatively, for self-calibrating illumination module, the
light sensor may be arranged adjacently to the at least one
light source. In this aspect, additionally or alternatively, the
display device may further include a timing controller
configured to receive a video signal and a global dimming
control value, generate a driver control signal for the display
panel, generate a dimming target value for each of the
plurality of seli-calibrating illumination modules of the
backlight panel, and send the respective dimming target
values to the plurality of seli-calibrating i1llumination mod-
ules. In this aspect, additionally or alternatively, a calibration
factor for dimming may not be sent to the plurality of
self-calibrating 1llumination modules.

Another aspect provides a method comprising, at a seli-
calibrating 1llumination module of a backlight panel of a
display device, controlling a current supplied to at least one
light source based at least on a calibration target value to
cause the at least one light source to emait light, detecting, via
a light sensor, an intensity of the light emitted from the at
least one light source that 1s internally reflected within the
display device, determining a calibration factor for the
self-calibrating illumination module based at least on a
comparison between the calibration target value and the
detected intensity of the light emitted from the at least one
light source, recerving, via a system bus of a display device,
a dimming target value for at least one light source of the
i1llumination module, determining a module dimming factor
based at least on the received dimming target value, and
controlling the current supplied to the at least one light
source based at least on the determined calibration factor
and the module dimming factor.

In this aspect, additionally or alternatively, at a timing
controller of the display device, the method may further
comprise receiving a video signal and a global dimming
control value, generating a driver control signal for a display
panel of the display device, generating a dimming target
value for each of a plurality of self-calibrating 1llumination
modules of the backlight panel, and sending the respective
dimming target values to the plurality of self-calibrating
illumination modules. In this aspect, additionally or alter-
natively, the method may not include sending a calibration
factor for dimming to the plurality of self-calibrating 1llu-
mination modules. In this aspect, additionally or alterna-
tively, the light emitted from the light source may be
internally reflected off of a color conversion layer arranged
between the backlight panel and a display panel of the
display device.

Another aspect provides a self-calibrating 1llumination
module for a backlight panel of a display device comprising
at least one light source, and at least one light sensor
arranged adjacently to the at least one light source. The at
least one light sensor 1s configured to detect light ematted
from the at least one light source that i1s internally retlected
within the display device. The seli-calibrating 1llumination
module further comprises a controller configured to control
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a current supplied to the at least one light source based at
least on an intensity of light detected by the at least one light
SEensor.

It will be understood that the configurations and/or
approaches described herein are exemplary in nature, and 5
that these specific embodiments or examples are not to be
considered 1n a limiting sense, because numerous variations
are possible. The specific routines or methods described
herein may represent one or more ol any number of pro-
cessing strategies. As such, various acts 1illustrated and/or 10
described may be performed in the sequence illustrated
and/or described, 1n other sequences, in parallel, or omitted.
Likewise, the order of the above-described processes may be
changed.

The subject matter of the present disclosure includes all 15
novel and non-obvious combinations and sub-combinations
of the various processes, systems and configurations, and
other features, functions, acts, and/or properties disclosed
herein, as well as any and all equivalents thereof.

20

The 1nvention claimed 1s:

1. A display device comprising:

a display panel; and

a backlight panel including a plurality of self-calibrating

illumination modules configured to provide backlight- 25

ing for the display panel;

wherein each self-calibrating 1llumination module

includes:

at least one light source configured to emait light toward
the display panel; 30

at least one light sensor configured to detect light
emitted from the at least one light source that 1s
internally reflected within the display device; and

a controller configured to control a current supplied to
the at least one light source based at least on an 35
intensity of light detected by the at least one light
SEensor;

wherein the controller of each seli-calibrating 1llumina-

tion module 1s configured to, at a calibration phase:

control the current supplied to the at least one light 40
source based at least on a calibration target value to
cause the at least one light source to emit light;

detect, via the at least one light sensor, an itensity of

the light emitted from the at least one light source
that 1s internally reflected within the display device; 45
and

determine a calibration factor for that self-calibrating
illumination module based at least on a comparison
between the calibration target value and the detected
intensity of the light emitted from the at least one 50
light source;

wherein the calibration phase 1s performed by each seli-

calibrating i1llumination module at a calibration oppor-

tunity including:

a dimming target value of the at least one light source 55
being determined by the controller to be above a
predetermined intensity threshold for a brightness of
the at least one light source.

2. The display device of claim 1, wherein the controller of
cach self-calibrating 1llumination module 1s configured to: 60

at a runtime phase:

receive the dimming target value for the at least one
light source; and

control the current supplied to the at least one light
source based at least on the determined calibration 65
factor for that self-calibrating i1llumination module
and the dimming target value.
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3. The display device of claim 1,

wherein the calibration opportunity includes at least a
period of time during a start-up phase of the display or
a shut-down phase of the display.

4. The display device of claim 1, wherein the display
panel 1s a liquid crystal display, and the at least one light
source of each seli-calibrating 1llumination module 1s a light
emitting diode.

5. The display device of claim 1, wherein the plurality of
self-calibrating illumination modules are arranged in an
array on the backlight panel.

6. The display device of claim 1, wherein the display
device turther includes a color conversion layer arranged
between the backlight panel and the display panel.

7. The display device of claim 6, wherein the light ematted
from respective light sources of the plurality of self-cali-
brating 1llumination modules 1s internally reflected off of the
color conversion layer.

8. The display device of claim 6, wherein the color
conversion layer has a substantially uniform reflectivity.

9. The display device of claim 1, wherein each seli-
calibrating illumination module includes a single light
source, a single light sensor, and a single controller.

10. The display device of claim 1, wherein each self-
calibrating illumination module includes a plurality of light
sources that are controlled by a respective controller of each
self-calibrating 1llumination module.

11. The display device of claim 1, wherein each seli-
calibrating 1llumination module includes a base semi-con-
ductor die that integrates both the controller and the light
sensor, and the at least one light source 1s die-bonded onto
the base semi-conductor die.

12. The display device of claim 11, wherein for each
selif-calibrating 1llumination module, the light sensor 1s
arranged adjacently to the at least one light source.

13. The display device of claim 1, further comprising a
timing controller configured to:

recetve a video signal and a global dimming control

value;

generate a driver control signal for the display panel;

generate the respective dimming target values for each of

the plurality of self-calibrating 1llumination modules of
the backlight panel; and

send the respective dimming target values to the plurality

of self-calibrating illumination modules.

14. The display device of claim 13, wherein a calibration
factor for dimming 1s not sent to the plurality of seli-
calibrating 1llumination modules.

15. A method comprising:

at a seli-calibrating 1llumination module of a backlight

panel of a display device:

controlling a current supplied to at least one light
source based at least on a calibration target value to
cause the at least one light source to emit light;

detecting, via a light sensor, an intensity of the light
emitted from the at least one light source that 1s
internally reflected within the display device;

determining a calibration factor for the self-calibrating
1llumination module based at least on a comparison
between the calibration target value and the detected
intensity of the light emitted from the at least one
light source;

receiving, via a system bus ol a display device, a
dimmaing target value for at least one light source of
the 1llumination module;

determining a module dimming factor based at least on
the recerved dimming target value; and
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controlling the current supplied to the at least one light
source based at least on the determined calibration

factor and the module dimming factor;

wherein the current supplied to the at least one light
source 1s controlled at a calibration opportunity includ-
ng:
the dimming target value of the at least one light source
being determined by a controller to be above a

predetermined intensity threshold for a brightness of
the at least one light source.

16. The method of claim 15, further comprising;
at a timing controller of the display device:

receiving a video signal and a global dimming control
value;

generating a driver control signal for a display panel of
the display device;

generating the respective dimming target values for
cach of a plurality of self-calibrating illumination

modules of the backlight panel; and

sending the respective dimming target values to the
plurality of self-calibrating illumination modules.

17. The method of claim 16, wherein the method does not
include sending a calibration factor for dimming to the
plurality of self-calibrating illumination modules.

18. The method of claim 15, wherein the light ematted
from the light source is internally reflected ofl of a color
conversion layer arranged between the backlight panel and
a display panel of the display device.
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19. A seli-calibrating 1llumination module for a backlight

panel of a display device comprising:

at least one light source;
at least one light sensor arranged adjacently to the at least
one light source, the at least one light sensor being
configured to detect light emitted from the at least one
light source that 1s internally reflected within the dis-
play device; and
a controller configured to control a current supplied to the
at least one light source based at least on an intensity of
light detected by the at least one light sensor;
wherein the controller of the self-calibrating 1llumination
module 1s configured to, at a calibration phase:
control the current supplied to the at least one light
source based at least on a calibration target value to
cause the at least one light source to emit light;
detect, via the at least one light sensor, an intensity of
the light emitted from the at least one light source
that 1s 1internally reflected within the display device;
and

determine a calibration factor for the self-calibrating
illumination module based at least on a comparison
between the calibration target value and the detected
intensity of the light emitted from the at least one
light source;

wherein the calibration phase 1s performed by the seli-
calibrating 1llumination module at a calibration oppor-
tunity including:

a dimming target value of the at least one light source
being determined by the controller to be above a
predetermined intensity threshold for a brightness of
the at least one light source.
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